We describe a family of inversion methods to infer the optical depth, r, of warm clouds from surface measurements of spectral irradiance. Our most complex retrieval also uses the total liquid water path measured by a microwave radiometer to obtain the effective radius, re, of the cloud droplets. We apply these retrievals to data from the Atmospheric Radiation Measurement (ARM) Program, and compare our results to those produced by the GOES satellite for episodes where total overcast was observed. Our surface-based estimates of 7' agree with those from GOES when the optical depths are (10, but are consistently larger by as much as a factor of 2 when optical depths are greater.
compares the logarithmic derivatives of transmittance and reflectance with respect to the cloud optical depths, computed from the delta-Eddington formulation. As the cloud optical depth increases the planetary albedo approaches an asymptotic limit; a satellite measuring the reflectance has rapidly decreasing sensitivity to distinguish among high optical depth cases. For optical depth beyond 15 the surface measurement of transmission is four to five times more accurate, given equal radiometric uncertainties. Other sensitivities are discussed in more detail later.
To improve the accuracy over that of the delta-Eddington formulation we employ an adjoint reformulation of the discrete ordinate radiative transfer method [Min and Harrison, 1996] . The discrete ordinate model [Stamnes et al., 1988] includes all orders of multiple scattering and is valid for vertically inhomogeneous, nonisothermal, plane-paxallel media. The reformulation of this model into an adjoint problem preserves the method's generality, and improves computational efficiency for our operational inversion.
To obtain 7-we need the observed atmospheric transmittance (rather than absolute irradiance), and the surface albedo. The MFRSR allows us to obtain both accurately without depending on absolute calibration because it mea- Possible aerosol effects present together with the clouds are expected to be smaJl. The impact of this can only be assessed in our more complex model. We varied the assumed aerosol optical depth 50%; the resulting changes of our inferred cloud optical properties are less than 0.5%.
The uncertainty associated with liquid water path retrievals has little impact on our retrieved r. The optical depth is largely determined by the transmittance, and the effective radius plays only the minor role of adjusting the asymmetry factor and single scattering albedo through narrow ranges. Using the MFRSR data alone by assuming re of 10 pm as used in GOES retrievals, our inferred optical depths of cloud are increased for most of the data presented. The observed time-series of the data do not support spatial averaging by the satellite retrievals as the explanation. We show that top-of-the-atmosphere measurements intrinsically have poor ability to distinguish among varying large optical depths, and suggest that this bias may be general to the GOES retrievals. If so, then the ISCCP data (to which most existing climate models are tuned) substantially underestimate the optical depths for thicker low-altitude clouds.
